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Abstract 
Magnesium and Magnesium alloys have attracted immense attention as a biomedical implant material due to favourable mechanical properties 
and biocompatibility. Biodegradable nature of Magnesium dismisses the need of revision surgery for removal of implant. Porous Mg- foams 
are advantageous as presence of pores allows the higher degree of osseointegration. The mechanical properties of the porous foam material is a 
function of its density, thus a Finite Element Method (FEM) approach is required to predict the behaviour of Mg- foam under various stresses 
for real-time application. The author has attempted to quantitatively assess the mechanical properties of Mg foam with a 40-45% porosity with 
100-300 μm pore size. The deformation behaviour of Mg- foams with different porosity under the compressive and bending loads has been 
described by “Deshpande and Fleck model” with ABAQUS FEM software. The simulation results have been compared with the recent 
publications. An agreeable comparison has been seen in the results. 
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1. Introduction: 
Magnesium is the important element in the human body found in bone tissue. In the recent years, magnesium used as 
biomaterials for tissue engineering applications. The Mg biomaterial is biodegradable and exhibits good mechanical properties, 
and biocompatibility [1]. Biodegradable materials like polymers, with required strength and its young’s modulus, is almost 
comparable with human bone and avoids the stress shielding effect [2]. 
Porous metals provide mechanical properties like elastic modulus, similar to the natural bone tissues [3]. In recent times, porous 
magnesium and their preparation methods have been studied [4–9]. Powder metallurgy is  one of the  outstanding technique to 
produce open-cellular porous magnesium materials [10,11]. Cellular foams are helpful in controlling the porosity and 
interconnectivity. Magnesium porous materials produced by using ammonium bicarbonate as spacer particles. 
The finite elemental analysis is useful to generate the models of metal foams to minimize the irregularities (mechanical 
properties, porosity). The mechanical properties of open-pore Mg-foams 100-300 μm pores and with porosities of 40-45% were 
studied. 
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2. Materials and Methods: 
Porous Mg monoliths were prepared by powder metallurgy (P/M) process (sintering) using NH4HCO3 powder as a space 
holder material. Liquid hexane was added to avoid the segregation of powders at a volume fraction of 30%. Mg and NH4HCO3 
powders were thoroughly mixed according to the weight content of NH4HCO3, respectively. The mixture powders were 
uniaxially cold-pressed under the pressure of 265 MPa into cylindrical green compacts with 13 mm in diameter and 16 mm in 
thickness. The obtained monoliths were treated further by a two-step heat treatment: (I) T=130°C for 4 h and (II) 550°C for 6 h, 
under an argon atmosphere in order to burn out the spacer particles and merge the Mg particles into larger grains.  
Pycnometry is used to evaluate the porosity as a function of monoliths starting composition. The percentage porosity (P) in 
the sintered samples was determined according to the following equation P = (1 – ρ/ρs) × 100% where ρsis the density of Mg 
and ρ is the density of the porous Mg sample, being determined as volume/mass ratio. 
The phase component of the Mg foams was analysed with XRD using Xpert-pro equipment with Cu Kα radiation (λ = 
1.5406 A) in a continuous scan mode. The filament current of 30 mA and acceleration voltage of 45 kV were applied. The 
diffraction angles(2θ) range from 10° to 80° and at a scanning speed of 10°/min was used.  SEM imaging performs using the 
microscope TESCAN. Uniaxial, unconfined compression test was performed on mechanical testing machine Shimatzu AG-X 
plus with 10 kN load cell, according to ASTM E9 standard. 
 
3. Results and Discussion: 
SEM micrograph of the Magnesium and ammonium bicarbonate powders as shown in Fig.1 and the prepared magnesium 
foam is shown in Fig.2, consist of two types of pores, type 1 has a diameter above 250μm and type II having up to 100 μm, 
which were created from incomplete compaction. The mechanical properties of the porous material as shown in Table 1. 
 
Fig. 1. Image of the powder materials: (a) Mg; (b) Ammonium bicarbonate 
    
              Fig. 2. SEM micrograph of 40 vol% porosity magnesium                                                         Fig. 3. XRD spectra of Mg foam 
 
The XRD shown is of Magnesium foam in Fig 3. The Sharpe peaks in XRD pattern reveals the Magnesium is highly 
crystalline in nature. With the addition to major Magnesium peaks, there are peaks are of Magnesium hydroxide (Mg(OH)2 and 
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Magnesium oxide (MgO). The 2Ɵ values 32.27, 34.39, 36.67, 47.94, 57.4, 63.11, 68.66 and 70.12 are assigned to Magnesium. 
The 2Ɵ values corresponding to Magnesium hydroxide are 18.72, 37.97 and 50.86. One smaller peak at 2Ɵ value 43.03 is of 
Magnesium oxide. 
3.1 Material Models for Metal Foams for finite element analysis (FEA) 
The classical plastic theory cannot be used to describe the material behavior as the properties of the metal foam are 
different from its solid metal [12].Von Mises equivalent stress and mean stress are the variable parameters to characterize the 
yield surface, and all of them are phenomenological models. The crushable foam with isotropic hardening has been used to 
simulate the finite element of the model. Von Mises circle will be the yield surface in p–q stress plane and the deviator stress 
plane for the material properties of the plastic part. In Figure 4, p–q stress plane is an ellipse in the meridional plane. Deshpande 
and Fleck [13] have developed the isotropic hardening model for metallic foams. Their experimental test was based on Al-foam; 
the mechanical behavior is similar compression and tension in the finite element simulation software [3].  
For the modelling in simulation software (ABAQUS), yield function is defined as equation 1.  
          (1) 
Where, 
q= The von Mises equivalent stress 
α = Yield surface shape factor 
݌ = The Mean stress 
݌଴= The center of the yield ellipse 
B = The size of the yield ellipse 
For isotropic hardening of the model for crushable foam, q = 0 and ݌଴= 0. And pc is the hydrostatic compression yield strength. 
So,  
              (2) 
and, 
           (3) 
Where, in uniaxial compression σc is the yield strength absolute value  
 
Fig. 4.  Flow potential and Yield surface in the p–q stress plane [12]. 
 
Therefore, if kids the strength ratio and be in the range of 0 and 3, then α can be written as equation 4. 
            (4) 
And, 
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       (5) 
In case of the modelling of isotropic hardening, the flow potential is 
            (6) 
In the p–q stress plane ߚ is the shape of the flow potential 
If the plastic Poisson's ratio is vp,  
And, 
             (7) 
Thenߚ cab be express as the equation 8.  
            (8) 
And the plastic strains 
             (9) 
Here, ߣሶ is the nonnegative plastic flow multiplier 
Poisson's ratio and Young’s modulus of foam material have modelled as linear elastic behavior. 
3.2 Finite Element analysis of Compression Tests 
 To study the von Mises stress distribution, the FEA has been done for the compression tests on the 40% porosity Mg-
foam. The specimen was cylindrical in shape. The material properties of Mg-foam were assigned in ABAQUS according to the 
experimental data. The model set up, for FEA in ABAQUS, has been shown in Figure 5. There are two analytical rigid flat dies 
in the experimental setup, where the lower flat die is fixed (no rotation and translation) and the upper flat die can move only 
down (in z direction). The force 1000 N has been applied to the upper die for a compression test. The material properties, which 
are taken into account for FEA, have been listed in Table 1. 
 
 
Fig. 5. The model in ABAQUS for numerical analysis of compression tests 
 
Table 1. Mg-foam material data used for numerical analysis 
 
 
Properties Value 
Young modulus 6.8 GPa 
Poisson's ratio (v) 0.38 
Yield stress 25 MPa 
Compressible yield stress ratio (k) 0.98 
Plastic Poisson's ratio (vp) 0.39 
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 The finite elements were C3D8R type 20480 linear hexahedral elements with 22473 nodes.  The Figure 6 is showing, 
after numerical simulation, the compressed specimen contour plot of von Mises stress distribution. The displacement plot for the 
same has been shown in Figure 7. The maximum stress value is 8.289 MPa in few places and which are within the compressive 
strength of bone and also below the yield stress value of 40% porous Mg-foam under the force of 1000 N. Therefore, the required 
strength has been achieved for bone implantation, which will be restorable and will sustain the loading forces [14] and [15]. 
 
 
Fig. 6. The von Mises stress distribution on the compressed specimen 
 
Fig. 7. Displacement plot in compression of the compressed specimen 
3.4 Finite Element analysis of Three-point bending Test 
 The same material data has been used for FEA in three-point bending test of 40% porosity of Mg-foam, 
which is used for FEA in compression tests. The model set up in ABAQUS to simulate the finite elements in three-
point bending test has been shown in Figure 8. Two support rollers below the Mg-foam specimen were fixed with 72 
mm distance in between. The upper movable roller on the specimen can move down (in z direction only). The rollers 
were modelled as an analytical rigid cylindrical body with 5 mm in diameter. The width and the height of the Mg-
foam specimens were 20 mm and 5 mm, respectively. 
 
Fig. 8. The model set up for the three-point bending test. 
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 The upper movable roller moved down to 5 mm at the rate of 1mm/minute. The Mg-foam beam was meshed with the 
three-dimensional standard quadratic hexahedral 20000 elements C3D20R with the a total number of nodes 88901. The contour 
plot of von Mises stress on the bending Mg-foam beam under three-point bending load has been shown in Figure 9. The 
maximum equivalent stress occurs around bending region. A good result has been achieved. 
 
Fig. 9. Contour plot of von Mises stress on the bending specimen 
 The maximum stress on the outer surface of the beam and at the centroidal position stresses balance is zero. This result 
is obvious on reflection since the stresses increase at the same linear rate, above the center X axis of the beam is in compression 
and below the axis in tension. A very good result has been achieved by bending performance for bone implantation [16] and [17]. 
4. Conclusion 
Mg foams are produced by Powder Metallurgy route with 40-45% porosities and characterized for its microstructure and 
mechanical properties. The required material properties were selected on the basis of experimental data to study the Von Mises 
stress distribution under compression and three-point bending. Reasonably good results were obtained in finite element 
experiments. The Deshpande and Fleck model have been used to define the foam model in finite element simulation software 
(ABAQUS). The results showed a good comparison between the simulated data and experimental data.  
Acknowledgement 
This work was financially supported by the Erasmus Mundus grant no. EMA2-2013-2540/001-001-EM-EUPHRATES. 
References  
[1] F. Witte, N. Hort, C. Vogt, S. Cohen, K.U. Kainer, R. Willumeit, F. Feyerabend, Current Opinion in Solid State and 
Materials Science 12 (2008) 63–72. 
[2] M. Razavi, M. Fathi, O. Savabi, D. Vashaee, L. Tayebi, Materials Science & Engineering. C, Materials for Biological 
Applications 48 (2015) 21–7. 
[3] C.. Wen, M. Mabuchi, Y. Yamada, K. Shimojima, Y. Chino, T. Asahina, Scripta Materialia 45 (2001) 1147–1153. 
[4] A. Brown, S. Zaky, H. Ray, C. Sfeir, Acta Biomaterialia 11 (2015) 543–553. 
[5] Y. Bi, Y. Zheng, Y. Li, Materials Letters 161 (2015) 583–586. 
[6] M. Yazdimamaghani, M. Razavi, D. Vashaee, V.R. Pothineni, J. Rajadas, L. Tayebi, Applied Surface Science 338 
(2015) 137–145. 
[7] M. Yazdimamaghani, M. Razavi, D. Vashaee, L. Tayebi, Materials Letters 132 (2014) 106–110. 
[8] M. Yazdimamaghani, M. Razavi, D. Vashaee, L. Tayebi, Materials Science & Engineering. C, Materials for Biological 
Applications 49 (2015) 436–44. 
[9] Archives of Metallurgy and Materials  60  (2015) 1433. 
[10] J. Čapek, D. Vojtěch, Materials Science and Engineering C 33 (2013) 564–569. 
[11] J. Čapek, D. Vojtěch, Materials Science & Engineering. C, Materials for Biological Applications 35 (2014) 21–8. 
[12] W. Tanwongwan, J. Carmai, III (2011) 4–9. 
[13] V.S. Deshpande, N. a. Fleck, Journal of the Mechanics and Physics of Solids 48 (2000) 1253–1283. 
[14] N. Kang, Y.-Y. Wu, P. Gong, L. Yue, G.-M. Ou, Oral Surgery, Oral Medicine, Oral Pathology and Oral Radiology 118 
(2014) 519–23. 
[15] L. Baggi, S. Pastore, M. Di Girolamo, G. Vairo, Journal of Prosthetic Dentistry 109 (2013) 9–21. 
[16] K.-S. Shih, C.-C. Hsu, S.-M. Hou, S.-C. Yu, C.-K. Liaw, Medical Engineering & Physics (2015). 
[17] H. Ridha, P.J. Thurner, Journal of the Mechanical Behavior of Biomedical Materials 27 (2013) 94–106. 
